Spaceflight is known to induce severe systemic bone loss and muscle atrophy of astronauts due to the circumstances of microgravity. We examined the influence of artificially produced 2G hypergravity on mice for bone and muscle mass with newly developed centrifuge device. We also analyzed the effects of microgravity (mostly 0G) and artificial produced 1G in ISS (international space station) on mouse bone mass. experiment on the ground, the bone mass of humerus, femur and tibia was measured using micro-computed tomography (μCT), and the all bone mass was significantly increased in 2G compared with 1G control. In tibial bone, the mRNA expression of bone formation related genes such as Osx and Bmp2 was elevated. The volume of triceps surae muscle was also increased in 2G compared with 1G control, and the mRNA expression of myogenic factors such as Myod and Myh1 was elevated by 2G. On the other hand, microgravity in ISS significantly induced the loss of bone mass on humerus and tibia, compared with artificial 1G induced by centrifugation. Here, we firstly report that bone and muscle mass are regulated by the gravity with loaded force in both of positive and negative on the ground and in the space.
It is known that insulin-like growth factor (IGF)-1 stimulates myogenesis via AKT-mTOR1-mediated protein synthesis, while protein degradation by autophagy and ubiquitin-proteasome system negatively regulate myogenesis 22, 23 . Hypergravity of 5-20G stimulated the proliferation and differentiation of C2C12 myoblastic cell line in vitro in a gravity-dependent manner 7 . Therefore, hypergravity may stimulate myogenesis and induce muscle hypertrophy.
Recently, the experimental circumstances for the microgravity have been quickly advanced by the utilization of space station. The Japan Aerospace Exploration Agency (JAXA) established a novel mouse cages for the space experiments 24, 25 . Various experiments for microgravity have been performed at the Japanese Experimental Module, called as 'Kibo' , in the International Space Station (ISS). In 2016, the 1st mouse project in space using mouse habitat unit (MHU) was conducted by JAXA. This project (called as MHU-1) used the Centrifuge-equipped Biological Experiment Facility (CBEF) and provided both microgravity (μG) and artificial 1G in space, and reported that artificial 1G in space mostly cancelled the bone loss and muscle atrophy due to μG 25 . In 2017, the 2nd mouse space project (called as MHU-2) was performed, and we analyzed bone mass in the detail in the space.
In this study, we compared the effects of artificially produced 2G hypergravity and 1G control on bone and muscle mass on the ground using a new gondola-type centrifugal device with a 1.0 m arm. We also compared the bone mass in artificial 1G using centrifuge to that in μG (almost 0G) in the space (or in ISS).
Results
The influences of 2G hypergravity in body weight, food intake and water intake. Mice were bred for 14 days in 2G hypergravity or 1G control using a new gondola-type centrifugal device (Fig. 1A) . Figure 1B showed the live video imaging of mouse cage in the centrifuge device. Mice walked in the cage freely before centrifugation on day 0 (Fig. 1B , upper left panel). Although mice moved slowly and lay face down on day 1 after centrifugation ( Fig. 1B , upper right panel), mice gradually adapted to the 2G hypergravity on day 3 (Fig. 1B , lower left panel). Finally, mice walked freely against the 2G in the cage on day 14 (Fig. 1B, lower right panel) . In 2G group, body weight decreased on day 1 and recovered to about 96% of 1G control group, that was slightly lower than 1G (Fig. 1C) . The intake of food and water were monitored using two mice of each group. Both dietary and water intakes were markedly reduced on day 1-2 in 2G group, but recovered to the similar level of 1G control group day by day. Therefore, the decrease in body weight may be due to the reduction of dietary and water intake on day 1-2 until the adaptation to 2G circumstance.
2G hypergravity increased the volume of triceps surae muscle. To examine the effects of 2G hypergravity on muscle volume, we measured the volume of the triceps surae muscle in center region of lower leg using μCT. The muscle images of cross sectional area were shown in Fig. 2A . 2G enhanced the muscle volume and muscle volume per body weight (Fig. 2B) . Using musculus quadriceps, we analyzed the mRNA expression of muscle related genes using RT-qPCR. 2G hypergravity enhanced the mRNA expression of myogenic genes, Myod, Myf5, Myh1 and Myh2, in mouse muscles (Fig. 2C) . In contrast, 2G hypergravity tended to downregulate the expression of ubiquitin ligases (Atrogin1 and Murf1) and significantly suppressed the expression of autophagy related genes (Lc3b, Atg5, Atg7 and Atg16l) in quadriceps (Fig. 3D) . Therefore, muscle hypertrophy in 2G group may be due to both the increase in myogenic genes expression and the suppression of degradation genes in muscle.
The changes in bone mass by 2G hypergravity in mice. To examine the influences of 2G hypergravity on bone mass, we analyzed the bone volume of humerus, femur, tibia and calvaria using μCT. BV/TV, BMC/TV, Tb.N, Tb.Th, BS/BV and Tb.Sp were calculated as the parameters of trabecular bone mass. The three-dimensional μCT images of humerus at the proximal area, femur at the distal area and tibia at the proximal area were taken. The reconstructed μCT images indicated that the trabecular bone mass in these areas was clearly increased in 2G-loaded mice (Fig. 3A-C , upper images) compared to 1G control. All of BV/TV, BMC/TV, Tb.N and Tb.Th of humerus, femur and tibia were clearly elevated, while BS/BV and Tb.Sp were suppressed by 2G (Fig. 3A-C , lower graphs). These data indicate that 2G hypergravity enhanced the bone mass in humurs, femur and tibia.
To determine the mechanism for bone mass increased by 2G, the mRNA expression of bone formative and resorptive genes in tibia was measured using RT-qPCR. In trabecular bone with bone marrow, 2G enhanced the mRNA expression of all of bone formation marker genes, bone morphogenetic protein-2 (Bmp2) and collagen type 1 α1 (Col1a1), osterix (Osx) and sclerostin (Sost) but the expression of Osx and Sost was not significantly changed (Fig. 3D ). In the expression of osteoclastogenesis-related genes, receptor activator of NFκB (Rank) was elevated and other gene such as RANK ligand (Rankl) and osteoprotegerin (Opg) was tended to elevated, but not significant (Fig. 3E ). These data indicated that the elevation of bone mass by 2G may be due to the up regulation of bone formation.
We further analyzed the calvarial bone mass. The analyzed area of calvaria were shown by dotted square (Fig. 4) . Calvarial bone mineral density (BMD) measured by DXA was slightly elevated by 2G hypergravity (Fig. 4A) . BMD images using μCT were shown in Fig. 4B upper images, and the color images showed the increase in BMD by 2G hypergravity. The calvarial BMD measured by μCT was slightly but significantly elevated by 2G (Fig. 4B, lower graph) .
The bone mass of mouse humerus and tibia in JAXA MHU-2 project. Mouse space experiment (MHU-2 project) was conducted by JAXA in 2017. All mice stayed at space for 1 month and successfully returned to earth. Previous report has shown that artificial 1G (AG) at space using centrifuger rescued the space-induced femoral bone mass and muscle atrophy 25 . We analyzed the bone mass of humerus and tibia using μCT in MHU-2 project. The reconstructed μCT images showed that the bone mass was reduced in μG (Fig. 5, upper images) . BV/ TV, BMC/TV and Tb.N of humerus and femur were significantly decreased, and Tb.Th was tended to decrease in www.nature.com/scientificreports www.nature.com/scientificreports/ μG mice (Fig. 5 , lower graphs). On the other hand, Tb.Sp of these bones was significantly increased, and BS/BV was tended to increase in μG mice (Fig. 5 , lower graphs). These data indicated that μG by spaceflight decreased bone mass not only tibia but also humerus and tibia.
Discussion
In the present study, we newly developed a gondola-type centrifuge with a 1.0 m arm to analyze hypergravity-induced the changes of bone and muscle mass. The data showed that the 2G hypergravity for 2 weeks induced muscle hypertrophy via the upregulation of myogenic genes and the down regulation of muscle-specific ubiquitin ligases and autophagy-related genes. The 2G also elevated the bone mass including humerus, femur, tibia and calvaria by the increased expression of osteogenic genes in mice. We showed that the μG in spaceflight induced the bone loss in both humerus and tibia in mice. This is also first reports to investigate the gravity-induced humerus alteration of bone mass.
Hypergravity has reported to affect various organ tissues not only bone and skeletal muscle. Yoon G et al. 26 have reported hypergravity increased the level of inducible nitric oxide synthase (iNOS), and iNOS attenuated renal hypoxia/reoxygenation injury in the mouse kidney. They also have reported that hypergravity induced www.nature.com/scientificreports www.nature.com/scientificreports/ endothelial NOS (eNOS) and HIF-1α to protect against hypergravity-induced hypoxia in the mouse heart and liver. In the next study, we are planning to analyze other phenotype in heart, liver, kidney and various tissues.
In the live video imaging of mouse cage in the centrifuge device, mice moved slowly and lay face down on day 1 after centrifugation. However, mice gradually adapted to the 2G hypergravity, and finally walked freely against the 2G in the cage. Under the 2G circumstances, the body weight, food intake and water intake were decreased on day 1 due to exposure to hypergravity, but these reductions gradually restored by the adaptation to the hypergravity circumstances. In the present study, we firstly showed that 2G hypergravity enhanced the mRNA expression of myogenic marker genes (Myod, Myog, Myf5, Myh1 and Myh2), and suppressed the expression of muscle-related autophagy-related genes (Lc3b, Atg5, Atg7 and Atg16l) in mice. Therefore, we suggest that muscle hypertrophy in 2G results from the increase in myogenesis and the inhibition of muscle degradation in vivo. However, further studies are needed to define a key molecule for myogenesis sensor induced by 2G hypergravity.
There are various reports for hypergravity induced osteoblast differentiation and osteoclastic bone resorption in vitro [10] [11] [12] [13] [14] [15] [16] [17] [18] . It has been reported that 3G hypergravity stimulated bone formation via the enhancement of Runx2 activity in osteoblasts, and 30G hypergravity increased the mRNA expression of Trap and Ctsk in osteoclasts in vitro 14, 16, 18 . Kawao et al. 27 have reported that 2G centrifugation for 2 weeks significantly elevated the mRNA level of Osx, Alp and Col1 in the tibia of mice.
In the present study, we showed that the mRNA expression of the marker genes for osteoblast differentiation, Bmp2 and Col1a1 were elevated by 2G in mice. The change of genes for osteoclast differentiation, Rankl and Opg expression was tend to elevated but not significant. These data suggested that 2G hypergravity leaded to high bone turnover mainly by the increased bone formation, and total bone mass was elevated by 2G in mice. However, molecular mechanisms of 2G hypergravity in bone tissue is still not clear. In the next study, we will try to identify a key molecule of mechanosensing in cells derived from bone using 2G experiments. Our data suggested that 2G hypergravity increased the trabecular bone mass of long bones including humerus, femur and tibia. Remarkably, the increase rate of bone mass by 2G was approximately 2-fold in humerus, 1.3-fold in femur , muscle-specific ubiquitin ligases (Atrogin1 and Murf1) and autophagy-related genes (Lc3b, Atg5, Atg7 and Atg16L) in quadriceps were measured using qPCR. In qPCR analysis, all genes were normalized by three reference genes (Actb, 18 s and Hprt). Data are expressed as the mean ± SEM of 7-8 mice. A significant difference between the two groups was indicated; *P < 0.05, **P < 0.01 and ***P < 0.001 vs 1G.
www.nature.com/scientificreports www.nature.com/scientificreports/ and 1.5-fold in tibia compared with 1G control in mice, indicating that the humerus bone was more sensitive to the hypergravity condition than femoral and tibial bone. In the artificially produced 2G condition, mice tended to fall foreword to any movement that was due to hypergravity and mice was supported the body using forelimb that resulting in excess mechanical stimulation in forelimb. In contrast to the trabecular bone, cortical bone mass was Figure 3 . The μCT analysis for the bone mass of humurus, femur and tibia in 2G mice. The three-dimensional images (horizontal section, isolated trabecular bone of horizontal section, and vertical section) were shown in upper panels, and trabecular bone mass parameters were analyzed by μCT and shown in lower panels in humurus at the proximal region (A), femur at the distal region (B) and tibia at the proximal region (C). The μCT images showed representative bones of 7-8 mice. The mRNA expression of bone formation-related genes (D) and osteoclastogenesis-related genes (E) were measured using qPCR in tibial trabecular bone with bone marrows. In qPCR analysis, all genes were normalized by three reference genes (Actb, 18 s and Hprt). Data are expressed as the mean ± SEM of 7-8 mice. A significant difference between the two groups was indicated; *P < 0.05, **P < 0.01 and ***P < 0.001 vs 1G. (2019) 9:6614 | https://doi.org/10.1038/s41598-019-42829-z www.nature.com/scientificreports www.nature.com/scientificreports/ not influenced by 2G hypergravity in all femur, tibia and humerus (data not shown). Since bone formation rate is higher in trabecular bone than in cortical bone, further studies are needed to define the molecular mechanisms induced by 2G in each bone. In the study also revealed that 2G hypergravity also increased calvarial bone mass. It is likely head-linked muscles such as occipitofrontalis muscle might conduct the gravity force to calvaria. Further investigation needs to define the mechanism for increased calvarial bone mass in 2G circumstance. Analysis of video monitoring and foot step of the mice will be clarifying the gravity related mechanism for hypergravity of respective bone.
Under the μG experiments in the space, JAXA conducted mouse space experiments, called as MHU-1 in 2016. JAXA already prepared the artificial 1G centrifuger in space with a unique mouse cage unit on MHU projects 24, 25 . In the present study, MHU-2 project in 2017, we analyzed bone mass of humerus and tibia of the mice that was keeping on breeding at space for 34 days. The trabecular bone mass of both humerus and tibia was significantly www.nature.com/scientificreports www.nature.com/scientificreports/ decreased in μG mice compared with artificial 1G mice. In this report, we measured for the first time the alteration of humerus in μG circumstance. In μCT analysis, both of humerus bone and tibial bone increasing trabecular separation with decreasing bone volume/tissue volume, suggesting that osteoclastic bone resorption was increased in microgravity circumstance. Artificial 1G recovered both of bone volume with increasing trabecular number that thought to be increased bone formation in osteoblasts. In contrast to the trabecular bone, cortical bone mass was not influenced by space μG for 34 days (data not shown). Further studies are needed to compare trabecular and cortical bone in bone-turnover rate in μG condition.
Some of reasoning could be thoughtful for the molecular mechanisms of gravity responding bone and muscle mass alteration. In this study, we firstly observed forelimb humerus have influenced microgravity and artificially produced 1G that recovered bone mass in addition to alteration of bone mass in hindlimb. Further study is needed to observe muscle mass on hindlimb in the space. We currently analyzed tail suspension mice and found that the level of PGE 2 production was elevated and bone mass was decreased (unpublished data). Since PGE 2 discovered the inflammatory mediator of bone resorption, the gravity and force may have influenced alteration of bone mass. It is possible that gravity influence PGE 2 production and the balance of bone resorption and formation Figure 5 . The μCT analysis for the bone mass of humurus and tibia in μG mice. The three-dimensional images (horizontal section, isolated trabecular bone of horizontal section, and vertical section) were shown in upper panels, and bone mass parameters were analyzed by μCT and shown in lower panels in humurus at the proximal region (A) and tibia at the proximal region (B). The μCT images showed representative bones of 3 mice. The μG means microgravity (spaceflight) and AG means artificial 1G (centrifuged at space). Data are expressed as the mean ± SEM of 3 mice. A significant difference between the two groups was indicated; *P < 0.05 and **P < 0.01 vs 1G.
www.nature.com/scientificreports www.nature.com/scientificreports/ in mice. Further investigation is needed to clarify the molecular mechanisms of gravity-regulated bone mass in mice.
In conclusion, 2G centrifugation using a gondola-type centrifugal device with a 1.0 m arm for 14 days that regulates myogenic genes for degradation and formation and bone-related genes. The alteration associated with hyper gravity under 2G increased bone and muscle formation, leading to muscle hypertrophy and increased bone mass. In addition, we found that gravity altered the bone mass of humerus in both circumstances of 2G and μG. We also found that in the 2G circumstances, mice resisted to 2G to move, indicating that exercise with hyper weight loading induce bone and muscle volume, however, the relationship between gravity and exercise has to be examined. Here we suggest that bone and muscle mass are regulated by the gravity with loaded force in both positively and negatively on the ground and in the space.
Materials and Methods
Animals and reagents. Five-week-old C57BL/6J male mice were purchased from the Jackson Laboratory (ME, USA) for the space experiments. Twelve mice at 9 weeks old were selected for spaceflight based on body weight and water/food consumptions, and were flown to the ISS by SpaceX-12. Animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee of JAXA (protocol number; 016-018), NASA (protocol number; FLT-17-106) and Exlora BioLabs (EB15-010). Eight-and eleven-week-old C57BL/6J male mice were purchased from the Charles River Labolatories Japan, Inc. (Ibaraki, Japan) for the hypergravity experiment on ground. After the 3 weeks acclimation, animals were set on the JAXA centrifuge and were reared for 2 weeks at 2G. Animals protocols were reviewed and approved by the Institutional Animal Care and Use Committee of JAXA (protocol number; 017-035) and Tokyo University of Agriculture and Technology (protocol number; 30-3). All methods were performed in accordance with the relevant guidelines and regulations.
2G hypergravity produced by centrifugation. The 2G environment was applied by centrifugation of custom-made gondola-type rotating box with a 1.0 m arm (Advanced Engineering Service, Tokyo, Japan) (Fig. 1A, left) . To obtain 2G, 40 rpm was applied. An animal habitat cage with CRF-1 food (Oriental Yeast Co., Ltd., Tokyo, Japan) and water bottle was set in a box (Fig. 1A, right) , and the centrifuge hold maximally 6 rotating boxes. The video camera set in the box monitored behaviors of mice during centrifugation. The centrifuge was placed in an air-conditioned room (24 ± 2 °C) with a 12:12 h light-dark cycle.
Micro-computed tomography analysis. The volume of calf muscle around the tibia including the triceps surae muscle was measured using micro-computed tomography (μCT) (inspeXio SMX-90CT; Shimadzu, Kyoto, Japan). Bone tissues such as calvaria, humerus, femur and tibia, were collected from mice and fixed in 70% ethanol. The bone mass in the central region of calvaria, the proximal area of humerus and tibia, and the distal area of femur was measured using μCT. Three-dimensional reconstructed images and the bone mass parameters, bone volume/tissue volume (BV/TV), bone mineral content/tissue volume (BMC/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), bone surface/bone volume (BS/BV), trabecular separation (Tb.Sp), cortical bone www.nature.com/scientificreports www.nature.com/scientificreports/ mineral density (BMD), cortical thickness and cross sectional area were calculated using TRI-3D-BON software (RATOC System Engineering, Tokyo, Japan). Dual-energy X-ray absorptiometry. The bone mineral density (BMD) at the central region of calvaria was measured by dual-energy X-ray absorptiometry (model DCS-600R; Aloka, Tokyo, Japan).
Quantitative pCR analysis for mouse trabecular bone, and muscles quadriceps. Mouse trabecular bone with bone marrow was collected from tibia. Musculus quadriceps was obtained from right hindlimb and frozen by liquid N 2 . Total RNA from these tissues was isolated using ISOGEN (Nippon Gene Co., Ltd., Toyama, Japan). The cDNA was synthesized from RNA through reverse transcription, and the respective genes was quantified by quantitative-PCR (qPCR) with SsoAdvanced SYBR Green Supermix (Bio-Rad Laboratories Inc., CA, USA). The expression level of target gene was analyzed using ΔΔCq (Cq: quantification cycle) methods. The β-actin, 18S and HPRT were used as normalized genes. The sequences of PCR primers are shown in Table 1 .
MHU-2 project. Experimental designed including the mouse habitant cage unit (HCU) and mouse transportation cage unit (TCU) was established as described in previous report 24, 25 . Mice were stayed for 34 days with artificial 1G or μG in the space. After spaceflight, all living mice were splashed down in the Pacific Ocean off the coast of California. Mice were stayed for 2 days in TCU on the sea, and TCU was picked and transported to Explora Biolabs in San Diego for analysis. statistical analysis. Data are presented as the means ± SEM. The significance of differences was analyzed using Student's t-test.
All experiments were performed in accordance with the relevant guidelines and regulations of JAXA and Tokyo University of Agriculture and Technology.
